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Abstract
In this paper we address the integration of a biogas-based gas turbine with a concentrated solar power facility for the constant production of electricity over a year long. The process is modeled as a superstructure embedding both technologies and a heat exchanger network that produces the steam from the gas turbine flue gas and the molten salts to be used in a regenerative Rankine cycle. For the constant production of 25 MW in the South of Spain, the steam turbine is the one responsible for producing the power, while the gas turbine operates mostly as a combustion chamber. The low yield to power of the waste and the allocation of the plant results in an excess of capacity during summer of about 50%. The production cost of electricity is 0.17€/kWh with an investment of 380 M€, but the excess of capacity during summer can allow the production of chemicals.








	Electricity is running current societies and further use of electric means of transportation will increase our dependency on this form of energy. The transition from fossil-based power to renewable based one faces an important challenge, the variability of the largest resource on Earth. Solar availability is highly volatile, it is subjected to seasonality in the longer term, but weather also results in hourly or subhourly fluctuations. Meeting power demand over time requires the use of integrated systems to help mitigate the variation in power production from solar, either via Photovoltaics (PV) or Concentrated Solar Power (CSP). Short term variation has typically been solved by using thermal storage where a heat transfer fluid is heated up during the sun hours are used over the entire day such as the case of CSP plants.1-2 However, longer term operation is more challenging. Electricity storage using batteries shows difficulties related to their limited capacity.3 However, the use of chemical systems provides an interesting alternative. Apart from the possibility of chemical storage of solar or wind power producing methane4-5 or ammonia6-8 the integration of power plants with biomass or waste fuelled facilities is an interesting alternative to evaluate. Weekman9 and Yaun and Chen10 presented perspectives on the integration possibilities among renewable resources. The combination of biomass with solar energy is becoming a reality at the level of pilot plant with the use of biomass to obtain the power that sun cannot produced at certain times.11 Vidal and Martín12 optimized the operation of a facility that used biomass gasification as buffer technology to operate a CSP facility. The coupling of the two technologies was allowed either using the thermal energy in hot streams or the use of a syngas furnace to heat up the molten salts that produced the steam used in the steam turbine or the parallel production of power from a syngas-based gas turbine and the steam turbine. The flue gas from the gas turbine was no further used. This integration allowed constant power production and the possibility of storing power in the form of hydrogen as energy vector if solar availability was enough to meet the demand. In spite of a large investment cost, power production cost was competitive. Biomass gasification yields a syngas that is very interesting as intermediate for the production of a large number of chemicals.13 The diversification of the use of biomass limits its availability as a source of power in favour of the production of chemicals to substitute crude oil as source. Waste, on the other hand, is plentiful and the current production rate represents a challenge in terms of its treatment and processing. Developed societies generate 0.5 t/hab and year. The volume itself and the composition require careful evaluation for its disposal or further use. Recent studies on the potential of biogas reveal the possibility of meeting the demand of natural gas in the regions evaluated out of their own waste resources.14 León and Martín15 evaluated the power production from different waste sources, manure from different animals, as well as the possibility of producing a fertilizer. The need to obtain credit out of the digestate and the difficulties in disposing it led to the study of nutrient recovery technologies including the production of a fertilizer that is easy to use, struvite.16 The facilities developed considered the use of the biogas produced from the anaerobic digestion of manure to be used within an integrated system consisting of a Brayton cycle coupled with a Rankine cycle to further use the hot temperature flue gas exiting the gas turbine. Thus, the use of waste within power industry via anaerobic digestion can be considered for its integration with CSP plants to mitigate the variability in solar availability. It is therefore interesting to evaluate the possibility of using that flue gas for the production of steam when solar availability is not enough. Solar and biogas have also been integrated to provide energy for other operations such as sludge drying17 or the use of solar energy to assist heat and power production from biogas.18
	In this paper a mathematical optimization framework is developed for the integration of waste and concentrated solar power within a renewable based power plant. The system considers waste anaerobic digestion and a gas turbine to produce power from residues. The hot flue gas is further used and integrated within a CSP. The flue gas and/or the heat transfer fluid, molten salts, can be used for the production of the steam required by the steam turbine of a regenerative Rankine cycle. The rest of the paper is organized as follows. Section 2 describes the process and the integration between the two natural resources considered. Section 3 presents the main modeling features of the different units. Section 4 discusses the solution procedure for this multi-period MINLP problem. Finally, Section 5 presents the results, including a sensitivity study on the topology selection, the plant operation ending with an economic evaluation for estimating the electricity production cost.

2.  Overall Process Description

The process consists of five sections: Biogas production and purification, gas turbine, solar collection technologies, heat exchanger network and Rankine cycle, see Figure 1. 
Waste and water are fed to a digestor. The mixture is anaerobically digested for 25 days to produce biogas and a digested substrate, digestate. The digestate is no further processed in this work as it has already been studied previously.16 The biogas is sent to purification to remove CO2 and traces of NH3, using Pressure Swing Adsorption (PSA), and to eliminate the H2S in a fixed-bed reactor.  Once biomethane is obtained, a Brayton cycle is used to produce power. The gas turbine is modelled consisting of a biomethane compression section, air compression section, combustion chamber and expansion. The flue gas is further used in a heat exchanger network to produce steam to for a regenerative Rankine cycle.
	The CSP facility consists of three sections such as, the heliostat field including the receiver and the molten salts storage tanks, a heat exchanger network and the steam turbine. The salts are used to generate superheated steam to be used in a steam turbine following a regenerative Rankine cycle. 
	The steam is generated in a system of three heat exchangers where it is first heated up to saturation and then evaporated. In order for both hot streams, the molten salts and the flue gas, to be used a system of heat exchangers in parallel is considered so that the superstructure will allow the selection of the use of any of the two sources of energy. For heating up and evaporating water, the entire flow of the molten salts is used while only a fraction was used for reheating and overheating the steam. However, the higher temperature of the flue gas suggests a different lay out. The entire flow is used for overheating the steam before feeding the high-pressure turbine whereas it is split to reheat the steam before feeding it into the medium pressure turbine and to heat-up and evaporate the water from the deaerator. In the second stage of the turbine, a fraction of the steam is extracted at a medium pressure and it is used to heat up the condensate. The rest of the steam is finally expanded to an exhaust pressure, condensed and recycled. A cooling tower will be used to cooldown the cooling water.

Figure 1.- Integrated power plant.

There are a number of trade–offs related to the availability of energy, the large availability of waste and its low yield versus the variability in solar energy that will be evaluated using the framework developed.
3.  Process model.

The different options involved in the production of hydrogen are modelled using mass and energy balances, short–cut methods, experimental based correlations, rules of thumb, design equations and reduced order models. The model is written in terms of the total mass flows, component mass flows, component mass fractions, and temperatures of the streams in the network. These are the main variables whose values have to be determined from the optimization. In this section we present the main assumptions used for modelling the units. The components in the system correspond to the ones in the set J = { Wa, CO2, CO, O2, N2, H2S, NH3, CH4, SO2}

3.1.-Biogas based section
	This section has been developed in previous works and therefore no further details are provided here for the sake of brevity. Mass and energy balances are used to model the digestor.15 A standard digester of 6000m3 is considered. The compressors are modelled assuming polytropic behaviour. We assume an efficiency of 0.85 and k =1.4 based on rules of thumb19 with T(ºC) and P in kPa. Experimental data shows almost 100% removal yield for H2S using a fixed bed of Fe2O3 that removes. The stoichiometry of the reaction allows modelling this stage.
Fe2O3 + 3H2S  Fe2S3 + 3 H2O
	Rules of thumb allow computing the removal ratios for CO2 and ammonia in the PSA system. Finally, the gas turbine (TGasTurbine) is modelled as consisting of a multistage compression stage for the biomethane and the air, where final pressure is one of the major operating variables, a combustion chamber, where methane is burned is modelled assuming an adiabatic operation, and an expansion section that is modelled assuming polytropic behaviour. 
3.2.-Concentrated solar plant
This section consists of the heliostats field and the molten salts storage tanks. The operation is mostly monthly dependent since we assume that the tanks buffer the operation over a day long. We consider a mixture of 60% NaNO3 and 40% KNO3 as heat transfer fluid. The heliostats redirect solar to the receiver. Its typical size ranges from 70 to 150 m2. In our case we consider an average value of 120m2. To be on the safe side we consider a field efficiency of 55% based on previous work.1 
In order to compute the number of heliostats, for an expected power capacity and considering the annual radiation during the sun hours, we calculate the area needed in the heliostat field, given by Eq (1)-(2). 
								(1)
								(2)
	The heliostat field provides the energy over time as given by eq. (3). To simplify the notation, we avoid the use of the index presenting the "time period":
							(3)
	The energy collected in the heliostat field is only produced during the sun hours of a day. Thus, the energy available at the receiver is given by Eq (4): 
								(4)
	The molten salts are fed to the receiver at 290ºC and are heated up to 565 ºC using the energy collected from the concentrated solar radiation. Thus, the flow of the salts in and out of the collector is given by Eq (5):
							(5)
	The salts flow rate in the power cycle should be lower or equal to the maximum flow generated at the receiver with a correction factor given by the ratio between the sun hours in a day and the continuous operation of the plant, as presented in Eq (6):
						(6)
	We assume that there are no losses in the salts closed cycle, which is modeled using Eq (7):
								(7)
3.3.-Rankine cycle section
Mass and energy balances are used to describe the thermodynamics of the regenerative Rankine cycle. Two systems are designed in parallel so that either a flow of molten salts or flue gas are used to produce overheated steam and reheat the steam from the first body of the turbine. Each one of the heat exchangers HX1-HX9 shown in Figure 1 are modelled using mass and energy balances as follows, where “a” refers to the flue gas section and “b” to the molten salts section:
						(8)
	HX3-HX6 heat up the steam up to its saturation point. To ensure saturation conditions, the temperature at the inlet of HX2-HX5  that given by Antoine equation at the operating pressure of the turbine, eq. (9)
									(9)
	




















	The stream as superheated vapor is heated up again in HX7-HX8 using a fraction of the total flow of molten salts stored in Tank1 or a fraction of the flue gas from the gas turbine. Next, the superheated steam is fed to the second body of turbine. 

	In the second body, Turbine2, of the turbine there is another expansion to a lower pressure. Part of the stream is sent to DR-01 while the rest is used in the third body of the turbine, Turbine3, where it is expanded to the exhaust pressure. This last pressure ranges from 0.05 bar to 0.31 bar. The stream splitter after the second body of the turbine is modelled by Eq (16):
						(16)

	This stream is used to reheat up the condensate from the turbine in HX10, 
						(17)
	The condensate comes from HX9 where the exhaust steam is condensed using typically a cooling tower 21 or an air cooler.22 The stream exiting HX10 must be liquid so that it is compressed using a pump up to Pturb1. To enforce this we impose Eq (18):
										(18)
	Tturb2min corresponds to the saturated temperature at the pressure of the stream extracted from the medium pressure section of the turbine. It is computed using Antonine correlation. 






	The superstructure of the integration of the CSP and the waste-to-energy facility consists of a system of 400 eqs and 800 variables per period, a month, that is solved maximizing eq. (20) on a monthly basis over a year long. The main decisions are the operating conditions at the various units, pressures, temperatures, flow rates as well as the selection of the better resource integration, the use of the biogas to produce power in the gas turbine and/or the further use of the flue gas in the production of steam for the regenerative Rankine cycle. The objective function is given by eq. (20) involving the net power production and the annualized cost (K=1/3) of the mayor units such as the solar field, the digestor and the linearized cost of the gas and steam turbines.
Z= 0.05*(W(Turbgas)+WTotal-W(Comp1)-W(Comp2)-W(Comp3)-W(Comp4))*24*334
         -(120·AreaTotal+365*6000*Ndigestor+(335.27*(W(Turbgas))+36.211)-( 270.5* WTotal +2·106))*(K)		 (20)
	A particular case of study is presented for an allocation in the South of Spain, Badajoz, characterized by large poultry availability and solar incidence. This region already has hybrid facilities based on fossil resources. Although the results are presented for this particular allocation and waste, the framework is general and can be used for further evaluation of the integration of additional waste resources in different allocations. Table 1 shows the monthly solar incidence for the allocation selected.
	





















	The analysis is based on a plant with a production capacity of 25 MW coproduced from solar concentration and waste. In a region in the northern hemisphere such as the one selected in the study, Badajoz (Spain), summer corresponds to a period of high solar incidence. For the production of the 25 MW in Figure 2 it can be seen that the use of waste reaches a minimum in July. In that month solar energy by itself can produce the required power. However, along the year complementing this resource with waste is required to secure the production of power. November and December show the larger consumption of waste, around 2.5 kg/s. As a result, Figure 3 shows the number of digesters operating over the year. A total of 4 digesters are required during the months with lower solar incidence, January, November and December. However, over the rest of the year, there is an excess of capacity in the form of biogas that can be stored or used as described in previous works to produce chemicals that can be stored.25 Waste will be available but may not be needed to meet the power demand.






Figure 3.- Profile of the use of digesters

	Figure 4 shows the use of the two turbine systems within the flowsheet. The gas turbine is mostly used as a furnace to burn the biogas generating a high temperature stream to produce steam. As a result most of the power is actually produced in the steam turbine. The two heat exchanger networks, that which uses the molten salts as well as that using the hot flue gas, are in operation over the entire year. Figure 5 shows a detail of the actual production in the facility. The consumption of power is related to the compressor system of the gas turbine.This selfconsumption is another reason for using the gas turbine as a furnace more than as a proper gas turbine. During July there is no need for biogas and as a result, only the steam turbine is used. The steam turbine will be operating at a lower capacity during summer because there is no power consumption involved in processing the biogas. We assume that there is a negligible effect of the load on the turbine efficiency based on the data on fan perfomance as a function of the load available in the literature.26 






Figure 5.- Selfconsumption of energy over time

	Finally, Figure 6 shows the share of the power produced by each of the resources to meet the demand of 25 MW. Only in Decemeber 50% of the power is produced by each source. Therefore, the system has an actual capacity of around 50% additional resources in the central months of the year where only one, Solar, is used. There are around 12 MW of additional capacity in summer. However, the flexibility during winter is limited. The ratio between power and thermal energy generated is around 50%, larger the months when biogas is used.







The operating regime is assumed to be the entire year. Note that the power market typically dictates when the different technologies contribute to the grid. For the operating of this facility, it is assumed that the power production is constant so that the usage of waste and solar energy depends on their availability, mostly that of solar. The trade-off is given by the investment between the digestor and the solar field.
The investment cost estimation is performed using the factorial method.27 It relies on the equipment cost, updated from Matche.28,29 We consider the units described in the flowsheet given by Figure 1. The digester cost is assumed to be 365 €/m3, 14 and the heliostat costs are 120 €/m2. 1 We assume that each heliostat has an area of 120 m2. The installed equipment is assumed to represent 1.5 times the equipment cost but for the solar field. Piping, isolation, instrumentation and utilities represent 20 %, 15 %, 20 % and 10 % of the equipment cost respectively. Land and buildings cost are assumed to be 8 M€, and the load of molten salts is priced at 0.665 €/kg. 1 These items add up to the fix cost (319 M€). The fees represent 3 % of the fix cost, other administrative expenses and overheads and the plant layout represent 10 % of the direct costs (fees plus fix capital) and 5 % of the fix cost respectively. The plant start-up cost represents 15 % of the investment. The investment adds up to 380 M€. Figure 7 shows the breakdown of the unit costs by sections of the facility. The two most important contributions correspond to the solar field and the turbine with once third of the total each. Another interesting feature is the fact that the molten salts storage tanks to maintain the operation of the facility overnight represent 33% of the total cost of the heat exchanger network. The digestion step only represents 7.5% since the reactors, although expensive, are only civil engineering work.


Figure 7.- Breakdown of the cost by sections

	An interesting comparison that is performed with power production facilities is the investment per kW installed. The integrated facility evaluated in this paper shows a ratio of 15291 €/kW, more than twice the investment per kW installed than a standalone CSP plant 7000€/kW,1 but capable of providing constant electricity production over time. Therefore, that is the price for securing the production capacity. Unfortunately, it is also more expensive than fossil-based technologies which range from 1000-4000 €/kW. The comparison with other renewables is difficult to establish since the estimations for solar or wind facilities for 2030 are from 2000-4000 €/kW, but the facilities are not designed with backup units to provide constant electricity production.30	
Furthermore, we estimate the production cost of the electricity. Note that neither credit is assumed from the digestate, that can be used as fertilizer,14 nor for the additional production capacity of biogas. The reason for not considering the credit out of the digestate is the uncertainty in its market value and demand. Thus, a conservative assumption of zero additional income out of it is assumed in this work. For the average annual cost, we consider the labour costs (0.5% of investment), equipment maintenance (2.5 % of fix costs), amortization (linear with time in 20 years), taxes (1 % investment), overheads (1 % investment) and administration (5 % of labour, equipment maintenance, amortization, taxes and overheads). Figure 11 presents the contribution of the different items to the production cost of electricity before credits. The production costs are 0.17 €/kWh, slightly higher than the values reported for the CSP facility of similar sized operating alone1 that shows a production costs of around 0.15 €/kWh but that secures constant production using renewable resources. That additional 10% cost is that due to securing the continuous production of power over time.


Figure 8.- Share of the production costs.


	The investment cost of novel technologies decreases with time as they become mature. It is expected that the solar field costs will be far lower over time as well as the cost of digesters. Figure 9 shows a sensitivity analysis on the effect of the cost of these units on the investment per kW installed. With the expected decrease in heliostat costs over the next 30 years, down to 50 €/m2,31 10% decrease in the values of €/kW produced are expected but they will still be larger than current technologies or even other renewables such as wind. Furthermore, a decrease in the investment cost for digesters has also been analyzed. 50% reduction in the investment costs for the digesters represents an additional 10% decrease in the investment per kW produced. 








5.3.-Scale up and down: Comparison with the standalone facility and use of lignocellulosic biomass.
Previous work by Vidal and Martín12 provided a different integration solution. In that case the use of lignocellulosic biomass allowed the design of a facility more than 10 times larger, 340 MW, based on larger biomass availability and its easier transporation. In terms of the process, the two sections of the facility were also coupled differently than in this work. The biomass section could provide thermal energy to heat up the molten salts when the solar energy was not enough or the biomass-based syngas was used to produce power in a gas turbine. The solution suggested this last alternative, since thermal energy from syngas burning and the use of the hot streams from the gasifier had a lower efficiency. Therefore, the gas and the steam turbines operated in parallel to maintain the power production capacity of 340 MW resulting in electricity production prices of 0.073 €/kWh with an investment of 3225 M€. The excess of syngas capacity during summer was used for the production of hydrogen, an interesting asset. 
In the case presented in this paper, the superstrcuture is different since the molten salts are only heated up using solar energy and both the flue gas from the gas turbine and the molten salts produce steam for the Rankine cycle. Note that the biogas has a different composition compared to syngas that conditions its usage. In syngas both CO and hydrogen can be burned while in biogas only methane is a fuel. For a direct comparison with this work a scale up study is required. The scale up methodology was described in previos work.8,32 It is assumed that he intensive variables of the process remain the same and only the flow, mass and energy flows, are scaled up and with them the equipment size. Rules of thumb on the maximum standard unit size apply, that dictate the need to duplicate a unit.19 Thus, the investment and production costs as well as the need for digesters is computed. A range of production capacifies from 10 MW to 340 MW are evaluated. The number of digesters is almost linear with the production capacity, but for the lowest ones where that linearity in the investment cost is lost, see Figure 10. Eqs (21)-(22) show the electricity production cost and the investment as a function of the facility sizes fitting the results in Figure 10.
CElectricity (€/kWh)= 0.2418 · (Power(MW))-0.106						(21)
Investment (M€) = 11.814 (Power(MW)) +93.356						(22)
For the same production capacity as the integration of lignocellulosic biomass and CSP, the electricity production cost when using waste results in 0.133 €/kWh and an investment cost of 4083 M€, almost twice the production cost and 25% larger investment required. Note that no credit is assumed from the excess capacity of biogas due to the uncertainty in its use to be on the save side.

Figure 10.- Scale up/down on the economic parameters: A) production Cost; B) Investement cost.

For this facility to achieve the same production capacity more than 50 digesters of 6000 m3 each are required to process a peak of around 40 kg/s of manure, that is far larger biogas facility than any. Therefore, waste integration is intended for small facilities in remote agricultural areas where both solar and waste are availlable. Furthermore, beyond 50MW the economies of scale already show a production cost for leectricity within 10% of the minimum.
	Finally, comparing the scaled-up equations of this facility, eqs. (21) -(22) with the ones obtained for the stand alone one,1 it is possible to see that better economies of scale are found for the stand alone plant compared to the integrated. The main reason is the presence of digesters whose cost and number, but for small facilities, scales almost linear with the production capacity.

6.-Conclusions.
	A superstructure for the integration of waste to power and a solar facility has been proposed embedding anaerobic digestion and a Brayton Cycle and a concentrated solar power plant. The hot flue gas from the gas turbine is integrated within the regenerative Rankine cycle of the CSP plant. The solution of the multiperiod optimization problem decides on the use of each energy source. 
	The low yield to power of the waste, poultry manure, and the allocation of the plant results in an excess of capacity during summer of about 50% so that the demand of 25 MW is met in winter. The steam turbine is the one responsible for producing the power, while the gas turbine operates as a combustion chamber mostly. The production cost to secure power production are 5% larger than the ones of the stand-alone plant, 0.17 €/kWh. However, the investment increases by 50% to 380 M€. The advantage is the additional capacity of production of biogas that can be stored or further used to produce chemicals that will be an asset to the flexibility of the process. The digestate can be also a source of additional income. The large number of units involved makes difficult that the future lower costs of heliostats result in large investment savings per kW installed.
The formulation is useful to evaluate trade-offs related to the location of the plant as function of the availability of the raw materials, solar energy and waste. This integration is preferable for small facilities due to the high cost of shipping the waste.
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areasup: 	Superficial area provided by the heliostat field (m2)
Areahelio: Area of a heliostat (m2)
Ci : Cost €/kg of species i
fc(J,unit,unit1)  	Mass flow of component J from unit to unit1 (kg/s)
Hb,(unit,unit1)	Enthalpy of the stream at the state b from the stream from unit to unit1 (kJ/kg)
Hsteam(isoentropy) 	Enthalpy of the stream at the if the expansion is isentropic (kJ/kg)
ni: Flow of component i (kmol/s)
Ndays:      Number of days of the particular month
Nhelios: 	Number of heliostats
Operating:        Operating hours in a year /6450/
Power:	         Mean power (MW)
Pi: Partial pressure of species i (Pa)
Q(unit)	Energy at unit (kW)
radiation        Average annual radiation in the sun hours Mwh per m2 and day
radannual         Average annual radiation MWh/m2
rendfield          Field efficiency   /0.55/
rendhelio        Heliostat efficiency /0.9/
salts: 	     Component salt.
sb(unit,unit1)		Entropy the stream at the state b for the stream from unit to uni1 kJ/kg·K
sunhour        Hours of sun a day /10.9/
T(unit,unit1) Temperature of the stream from unit to unit 1 (ºC)
W(unit)   	Work generated or needed at unit (kW)

































:  	Isentropic efficiency
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